Escherichia coli hemolysin (Hly) is a proteinaceous pore-forming exotoxin that probably represents a significant virulence factor in E. coli infections. We investigated its influence on human polymorphonuclear neutrophils (PMN), previously identified as highly susceptible targets. Hly provoked rapid secretion of elastase and myeloperoxidase, generation of superoxide, and synthesis of platelet-activating factor (PAF) and lyso-PAF. Concomitantly, marked phosphatidylinositol (Ptdlns) hydrolysis with sequential appearance of the inositolphosphates, inositol triphosphate, diphosphate, and monophosphate, respectively, and formation of diacylglycerol, occurred. The metabolic responses displayed distinct bell-shaped dose dependencies, with maximum events noted at low toxin concentrations of 0.1-0.5 hemolytic units per milliliter. Ptdlns hydrolysis and metabolic responses elicited by Hly exceeded those evoked by optimal concentrations of formylmethionyl-leucyl phenylalanine, PAF, leukotriene B4, A23187, or staphylococcal a-toxin. The toxin-induced effects were sensitive toward modulators of PMN stimulus transmission pathways (pertussis toxin, the kinase C inhibitor H7, and phorbol myristate acetate "priming"). We conclude that the marked capacity of low doses of Hly to elicit degranulation, respiratory burst, and lipid mediator generation in human PMN probably envolves signal transduction via PtdIns hydrolysis. (J. Clin. Invest.
Introduction
Certain strains ofEscherichia coli produce a proteinaceous exotoxin, designated hemolysin (Hly),' which was originally characterized by its lytic effect on erythrocytes (1) (2) (3) (4) . Secretion of active Hly requires the expression of four genes (hlyA, hlyB, hlyC, hlyD), constituting the hly operon (5, 6) . The hlyA gene encodes the 1l0-kD hemolysin protein, which is activated by the hlyC gene product. Secretion ofHlyA occurs via a transport mechanism involving the HlyB and HlyD proteins. Approximately 50% ofE. coli isolates causing extraintestinal infections in humans produce Hly; this agent represents one of the most prevalent bacterial exotoxins encountered in humans (1, 3, 4, (7) (8) (9) . Its pathogenetic relevance has been established in animal models with the use of genetically engineered bacterial strains (1, 7, 10 ). An analogous role in human infections has been inferred from the high association of hemolysin production with disease, including pyelonephritis and septicemia (8, 9) .
The primary structure of Hly has been deduced from the nucleotide sequence (11) . Several cytotoxins elaborated by other gram-negative rods including Morganella morganii, Pro- teus spp., and Pasteurella haemolytica exhibit structural and functional similarities to Hly, indicating that these proteins constitute a new family of pore-forming toxins (12) (13) (14) (15) (16) . The membrane permeabilizing capacities ofHly have been demonstrated in erythrocytes, neutrophils (PMN), monocytes, endothelial cells, and artificial lipid bilayers (2, (17) (18) (19) (20) (21) (22) . A high-affinity calcium binding domain, required for toxin membrane insertion, has been disclosed (22) (23) (24) .
Although basically endowed with the capacity to permeabilize a large variety of target cells, Hly exerts a particularly potent action on granulocytes (20, 25, 26) . Release ofelastase and other granule constituents and loss ofphagocytic killing capacity were observed upon exposure of PMN to Hly concentrations far below those causing erythrocyte lysis. In a recent study, we showed that subhemolytic doses of the toxin induce marked leukotriene (LT) generation in human neutrophils (27) . In the present investigation, we sought to determine whether low-dose effects ofHly on neutrophils might be related to phosphatidylinositol (PtdIns) hydrolysis, which serves as major signal transduction pathway in PMN challenged with ligands such as lipid (leukotriene B4 [LTB4] and platelet-activating factor [PAF] ) and peptide chemoattractants (formylmethionyl-leucyl-phenylalanine [FMLP] ) (28) (29) (30) (31) (32) . Inositol phosphate and diacylglycerol (DAG) formation was found to parallel degranulation, respiratory burst, and lipid mediator generation in Hly-treated PMN. Indeed, when compared to WEB 2086 was generously supplied by Boehringer (Ingelheim, FRG), and the 5-lipoxygenase inhibitor L-663-536 was a kind gift from Dr. C. Rouzer; Merck Frosst (Canada). Highly purified Bordetella pertussis toxin (PT) as well as its inactive B oligomer and the kinase C inhibitor 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H7) were purchased from Calbiochem-Behring Corp. (La Jolla, CA with 2% calf serum for 2 h. After cell washing, PT (1.5 Mg/ml), its B oligomer (1.3 Ag/ml), or a corresponding buffer volume were added, followed by another 2-h incubation period. Immediately before stimulus application, the cells were washed twice and suspended in Hanks' Hepes buffer. Cell viability, as assessed by trypan blue exclusion, ranged above 96% and lactate dehydrogenase (LDH) release was consistently below 3% at this time.
Preparation ofE. coli hemolysin. The hemolysin was prepared as described (2, 36) . The endotoxin content of the preparation was reduced to -3 ng of lipopolysaccharide (LPS)/Mg protein. The hemolytic titer was assessed directly before use and expressed in hemolytic units (HU)/ml; 1 HU/ml corresponded to 100 ng protein/ml. At the optimum Hly concentration used (0.1 HU/ml), endotoxin levels ranged between 25 and 35 pg/ml (assessed with Limulus lysate assay using chromogenic substrate, according to Friberger [37] ).
Superoxide anion generation. PMN°2 generation was measured as superoxide dismutase inhibitable cytochrome c reduction as described (38) . Duplicate reaction mixtures containing 5 X 106/ml PMN and 75 AM ferricytochrome c were incubated for the indicated time intervals at 37°C in the presence or absence of 10 Mg/ml superoxide dismutase.
Incubations were terminated by centrifugation at 4°C for 5 min at 1,200 g. O2 production is expressed as nanomoles of cytochrome reduced, using an extinction coefficient of 21 mM-' cm-' at 549 nm.
Release ofgranule constituents and LDH. Elastase, myeloperoxidase, and LDH release were taken as markers for PMN degranulation and cell lysis, respectively, and were measured according to standard procedures (39, 40 tion from labeled ceramide phosphate was ascertained by autoradiography before liquid scintillation counting of the DAG spot. Samples of sn-1,2-diolein were carried through the same procedure and spotted onto each plate as controls. Thereby, DAG recovery and conversion were ascertained to range consistently above 85%. The amounts of sn-1,2-DAG present in the original samples were calculated from the respective phosphatidic acid counts and the specific activity ofthe adenosine triphosphate (ATP) batch employed.
Results
Incubation of human neutrophils with Hly caused a rapid, dose-dependent secretion of elastase (Fig. 1) . This response commenced at toxin doses below 0.1 HU/ml and reached its maximum at 0.5-2.5 HU/ml. At these concentrations, elastase liberation surpassed that elicited by optimum concentrations of established receptor-operated stimuli, the Ca"+ ionophore generation of DAG was detectable in Hly-exposed PMN, exceeding the amount ofthis second messenger in FMLP-treated cells by about threefold (Fig. 7) . In the concentration range used, Hly incubation evoked only moderate, protracted LDH release as a marker of overt cell lysis (Fig. 8) . At PT. In the presence of the protein kinase C inhibitor H7, the Hly-evoked oxygen burst was reduced to < 50%, whereas elastase liberation and inositol phosphate accumulation were not significantly affected (Table II) . The PAF antagonist
[3H]-Lyso-PAF labeling As reported previously, incubation of Hly at 370C resulted in rapid loss of its toxic properties (Fig. 9) . As expected, the activity of FMLP remained unchanged under the same conditions.
In contrast to Hly, treatment of PMN with 0.1-50 Ag/ml staphylococcal a-toxin was virtually ineffective with regard to Ptdlns hydrolysis and secretory responses (data for 5 sg/ml given in Figs. 1, 2 , and 5), despite the fact that cytolytic activity became apparent above 5-10 ,qg/ml. Discussion This study corroborates data of a previous report in showing that Hly is a potent inductor of neutrophil granule secretion (20) . Virtually complete secretion of the total cellular elastase and myeloperoxidase content was evoked by toxin concentrations in the range of 0.5 to > 2.5 HU/ml. In addition to this secretory response, the present communication describes the previously undetected occurrence of marked Ptdlns hydrolysis in neutrophils exposed to low Hly doses (optimum concentra- lease of leukotrienes (27) . The ability ofHly to stimulate respiratory burst was previously observed in PMN (25) and renal tubular cells (47) upon use of low toxin concentrations, whereas it was missed in experiments employing overtly cytocidal toxin doses (20) . This discrepancy is evidently explained by the presently noted unusual bell-shaped dose dependency of
PtdIns hydrolysis and related metabolic responses. This doseeffect curve suggests predominance of signal transduction events at low Hly concentrations, in contrast to predominant cytolysis at high toxin doses. Neutrophils permeabilized owing to high toxin load (20) evidently fail to respond metabolically in terms ofPtdIns hydrolysis and mediator release, most probably due to breakdown of cell homeostasis. In Hly-treated PMN, inositol phosphate formation was detectable within 1 min, similar to the onset of signal transduction in PMN activated by ligand-receptor interaction (FMLP, PAF, LTB4). The kinetics of sequential IP3 and IP2 appearance with subsequent accumulation of IP, and the concomitant formation of DAG were compatible with an activation of PtdInsdiphosphate-specific phospholipase C, which is operative in neutrophil stimulus response coupling (28) (29) (30) (31) (32) . Several lines of evidence indicated that the metabolic responses observed in PMN exposed to subcytolytic Hly doses were mediated via PtdIns hydrolysis-related signal transduction pathways. First, all presently assessed PMN reactions are known to occur upon stimulation ofthis pathway, via DAG-mediated protein kinase C activation and/or inositol phosphate-related calcium fluxes (28) (29) (30) (31) (32) . Second, inositol phosphate formation, respiratory burst, PAF generation, and leukotriene synthesis (27) all displayed corresponding bell-shaped dose dependencies with optimum toxin-efficacy at 0.1-0.5 HU/ml. Granule secretion (elastase, myeloperoxidase) already commenced at this low dose range, but additionally progressed at higher Hly concentrations that elicited rapid membrane permeabilization (ia 2.5 HU/ml). Third, the inositol phosphate accumulation evoked by Hly exceeded that observed in response to the chemoattractive ligands FMLP, PAF, and LTB4 (all used at optimum concentrations) by greater than fourfold. Correspondingly, the hemolysin was markedly more efficient than these agents in eliciting degranulation, arachidonic acid 5-lipoxygenase metabolism (27) , and PAF formation (data for the ligands not given in detail). Superoxide generation evoked by Hly ranged somewhat below that elicited by optimum doses of FMLP, despite the higher DAG concentrations generated in the presence of the hemolysin. This finding is reminiscent ofthe decrease in O°g eneration observed in PMN in the presence of high ionomycin concentrations in spite ofincreased DAG levels, and might possibly be explained by a sensitivity of the DAG-activated NADPH oxidase complex to membrane perturbation and/or excessively high intracellular calcium concentrations (48) . Fourth, pretreatment with PT suppressed both Hly-evoked PtdIns hydrolysis and the PMN metabolic and secretory responses. Moreover, the response to Hly after PMA pretreatment was modulated according to the previously described concept of PMA "priming" for ligand-operated stimulation in neutrophils (49, 50) . Finally, H7 selectively blocked the Hlyevoked superoxide generation, as anticipated for a protein kinase C-dependent toxin mechanism. Inhibition ofleukotriene and 5-hydroxyeicosatetraenoic acid generation as well as use of a specific PAF antagonist did not affect the Hly-induced inositol phosphate release. Secondary loops ofautocrine PMN activation due to generation of these lipid mediators (51, 52) can thus be excluded as major contributing events under the presently studied conditions. Thus, initiation ofthe PtdIns hydrolysis-related stimulus transmission pathway appears to be the predominant underlying mechanism, triggering metabolic and secretory PMN responses to Hly in subcytolytic concentrations.
There is compelling evidence that the PMN activation was evoked by the bacterial exotoxin itself and not by contaminating LPS. A toxin preparation with markedly depleted endotoxin content was used (residual contamination amounting only to 3 ng of LPS/gg protein). Rapid loss of toxin activity occurred upon "aging" of the preparation at 370C, a feature repeatedly described for the hemolysin, but not compatible with established endotoxin characteristics (20, 21) . Preincubation of PMN with endotoxin is known to exert "priming" effects in these cells, but direct initiation of acute secretory responses has not been described (53) (54) (55) (56) . Accordingly, no PMN responses were evoked upon use ofE. coli endotoxin up to 100 ng/ml within the stimulation periods ofthe present study (data not given in detail). However, these findings do not exclude cooperative interaction of remaining LPS molecules and Hly peptides in eliciting metabolic and secretory responses in the neutrophils.
How is the hemolysin effect linked with the initiation of PMN Ptdlns turnover and second messenger induction? Poreforming bacterial agents certainly evoke a variety of cellular responses via facilitation of passive calcium flux into the cells (19, 57-6 1) . However, optimal concentrations of the calcium ionophore A23187 induce only moderate and delayed-onset inositol phosphate formation in neutrophils, which may actu-ally be due to the marked generation of LTB4 and PAF with secondary (autocrine) PMN activation. Moreover, staphylococcal a-toxin induces transmembrane calcium flux in neutrophils (60), but does not evoke any significant PtdIns turnover in these cells. It has previously been noted that inositol phosphate formation by PIP2-and PIP-specific phospholipase C is independent of cytoplasmatic Ca"+ elevation (62) (63) (64) . Thus, it is presently unclear whether Hly-elicited transmembrane calcium flux is involved in triggering the described metabolic responses. The significant PT sensitivity of Ptdlns turnover and related metabolic and secretory responses may indicate enrollment of G proteins in Hly-evoked PMN stimulation (51, (65) (66) . Cell surface receptors for Hly have hitherto not been characterized, and further experimental approaches are necessary to delineate the molecular mechanisms by which this bacterial exotoxin triggers key events of PMN regulation with outstandingly strong potency.
